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Abstract – The opportunity exists to utilise our knowledge of major genes that inﬂuence
the economically important traits in wool sheep. Genes with Mendelian inheritance have
been identiﬁed for many important traits in wool sheep. Of particular importance are genes
inﬂuencing pigmentation, wool quality andthe keratinproteins, thelatterofwhichareimportant
for the morphology of the wool ﬁbre. Gene mapping studies have identiﬁed some chromosomal
regions associated with variation in wool quality and production traits. The challenge now is
to build on this knowledge base in a cost-eﬀective way to deliver molecular tools that facilitate
enhanced genetic improvement programs for wool sheep.
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1. INTRODUCTION
Whilst the genetic improvement of sheep bred primarily for wool production
has been slow relative to other livestock species, this cannot be blamed on the
tools available to the breeders and advisor geneticists. In most countries where
wool sheep are grown, there is a quite sophisticated wool market and market
intelligence, and the important price determinants are well quantiﬁed and
communicated. This has facilitated the formal deﬁnition of breeding objectives
for breeders. Of those traits that are important in an economic sense, most are
either moderately or highly heritable, and are easy and inexpensive to measure
to a level suﬃciently precise for animal evaluation. For the few traits where
measurement is diﬃcult or expensive, such as staple strength, there are good
indirect measures. For example, coeﬃcient of variation of ﬁbre diameter has
been shown to deliver signiﬁcant gains when used as a selection criterion in
breeding programs focussed on apparel wool goals [12]. Most countries have
high quality performance measurement programs and well-developed tools for
the use of index selection utilising BLUP methodology.
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So, why is there an intense and increasing interest in the study of genes of
major eﬀect on wool production and quality traits:
(i) antagonistic correlations between two of the most important traits; clean
ﬂeece weight (CFW) and mean ﬁbre diameter (MFD);
(ii) ﬁnding ways of dealing with one of the major deﬁciencies of the wool
ﬁbre in the apparel processing system; that is, when compared to many of
the synthetic ﬁbres that are used for apparel wear production, wool is of
signiﬁcantly lower and more variable ﬁbre strength. This translates into a more
diﬃcult and expensive processing system;
(iii) wool currently comprises only 17% of the apparel processing system and
this has been consistently decreasing over the recent decades. There is a clear
need for the wool industry to deliver to the apparel wearer new and novel
products. One way of achieving this goal is to produce wool with new and
novel ﬁbre properties.
Identifying genes of major eﬀect oﬀers the opportunity to improve
production eﬃciency, product quality and product diversity, through
utilising them in breeding programs, developing transgenic lines and by
developing therapeutic agents that can be used to alter ﬁbre attributes
by altering gene expression.
The aim of this paper is to review our current knowledge of
the biology underlying ﬁbre production in wool sheep and the genes
of major eﬀect that are causative of, or associated with, variation
in ﬁbre and skin morphology phenotypes.
2. UNDERLYING BIOLOGY OF FIBRE PRODUCTION
IN WOOL SHEEP
Examination of the underlying physiology that is integral to the production
of a tissue product can be instrumental in identifying developmental steps
under genetic control that are critical to the ultimate attributes of that tissue
product. For example, in the production of meat there are many genes involved
in the metabolic processes that control growth and diﬀerentiation of the
composite cells and tissues, expression of the structural proteins that compose
the tissues, and the timing or tissue speciﬁcity of gene expression and/or
ligand – receptor systems that control cell function [6].
The biology of skin and wool growth in sheep has been extensively studied
since the 1950’s and the developmental processes at the cellular level are
reasonably well understood [13]. The basic units used in the study of biology
of wool growth are the wool follicle and the ﬁbre growing from it. AlthoughMajor genes inﬂuencing the ﬂeece of wool sheep S99
there is evidence for higher-level organisational mechanisms, such as the trio
group of primary follicles and associated secondaries [11], it is at the level of
the individual follicle that most studies have focussed.
There is clear evidence of a strong association between the developmental
activities that occur during follicle initiation in the foetus and the ﬁbre
and ﬂeece quality attributes that subsequently grow in the animal over its
lifetime. The basis for the control of follicle initiation, follicle density and the
consequent follicle and ﬁbre attributes of the adult animals has been proposed
to be due to (a) competition between wool follicles [11], (b) a biochemical
pattern-forming mechanism (reaction-diﬀusion (RD) theory) [21,22], and (c)
competition for a limited pool of dermal pre-papilla stem cells [20]. None of
the above models adequately accounts for the observed variation. For example,
the competition model does not easily accommodate the changes in follicle
density that occur during foetal growth. Theories (b) and (c) each suggest
that adult follicle density and MFD are co-determined at the time of follicle
initiation. However, in an elegant examination of the relationship between
foetal and adult follicle characteristics, Adelson et al. [1] have shown that
control of follicle bulb size and ﬁbre diameter occurs after follicle initiation.
Finally, the founder cell hypothesis proposes a ﬁxed population of pre-papilla
cells, and that this population of cells acts as a limiting resource for follicle
initiation [20]. Doubt has been cast over the validity of this model by the
demonstration that the papilla cells divide during follicle development, and
that the papilla can recruit dermal cells from the surrounding tissue [1]. Hence,
the explanation remains obscure. It may be that follicles are initiated according
to a RD model, but the subsequent follicle size is inﬂuenced by competition,
or lateral inhibition or by some other mechanism not realised until later in life.
Whatever the explanation, it is clear that an empirical functional relation-
ship exists between follicle density and ﬁbre diameter, and that the relationship
changes as follicle density increases [1]. Similarly, there is a well-documented
relationship between length growth rate (L) and ﬁbre diameter (D), such that
L/D( o rL /D2) for a given animal is approximately constant over a range of
environmental conditions (see [16]). Thenegative genetic relationship between
L and D is counterbalanced, at the population level, by a positive associa-
tion between L and D generated by changes in total nutrient availability, and
a negative association between density and L (or D). Overall, we see that
there are complex interactions between each of the important components
of wool growth, and the correlations that we observe in a given population
reﬂect an admixture of relationships generated by diﬀerent developmental and
physiological pathways.S100 I.W. Purvis, I.R. Franklin
The point that we wish to emphasise here is that we do not expect QTL,
when identiﬁed, to each reﬂect the genetic relationships seen at the popu-
lation level. A locus involved in follicle initiation, for example, may inﬂu-
ence both density and diameter, but have little eﬀect on clean wool weight.
Alternatively, a locus aﬀecting voluntary feed intake, or nutrient ﬂow to the
skin, may inﬂuence both clean wool weight and ﬁbre diameter, but have
little or no eﬀect on follicle density. These distinctions are important in
assessing the value of various QTL in genetic evaluation, especially as we
attempt to produce ﬁner wools without adversely aﬀecting other economically
important ﬂeece value attributes.
3. KNOWN GENES OF MAJOR EFFECT ON WOOL
PRODUCTION AND QUALITY
Prior to the widespread availability of segregation analysis using molecular
markers, a number of genes (or closely linked groups of genes) having
major eﬀects on traits of the skin and ﬂeece were identiﬁed by their extreme
eﬀect on phenotype and veriﬁed using classical crossing strategies. Recently,
Sponenberg [32] has reviewed the existing knowledge onthe genetics ofcolour
in sheep skin and ﬁbre. Similarly, Nicholas [23] has summarised the known
genes aﬀecting morphological traits and those associated with inherited dis-
orders in the sheep. Among these are several that have profound eﬀects on
follicle morphology and ﬁbre and ﬂeece traits.
3.1. Pigmentation genes
Pigmentation patterns of ﬂeece and hair are inﬂuenced by a number of
loci, one of the most important of which is the Agouti locus. The Agouti
locus codes a protein that binds to the melanocortin receptor (MC1R). In its
absence, melanocyte stimulating hormone (αMSH)binds to MC1R and signals
the production of eumelanin (black to brown pigment), which causes colour
expression in ﬂeece and hair [25]. Recently, Smit et al. [31] suggested that two
agouti loci exist, and our evidence supports this hypothesis. Further, it appears
that a 5 bp deletion in exon 2, reported in [31], plays a role in some alleles
resulting in (self colour) black sheep.
The Committee on Genetic Nomenclature of Sheep and Goats
(COGNOSAG) [17] has given a comprehensive summary of alleles that
result in distinct pigmentation patterns of ﬂeece and hair. There are a number
of main patterns, which are present at birth. Some do not have lateralMajor genes inﬂuencing the ﬂeece of wool sheep S101
symmetry, e.g. the Australian Piebald pattern (AsPp). This allele causes round
spots of varying size distributed randomly over the body. It is recessive and has
incomplete penetrance in homozygous carriers. Lateral symmetry in pattern
distribution is caused by the badgerface (Ab) or reverse badgerface (At) alleles,
which are both recessive. Sheep that are homozygous for the badgerface allele
have black circles around the eyes, and ears, belly wool and legs that are
black. Sheep with reversed badgerface pattern show the same pattern in white
on a black body. These two alleles are dominant to the self-colour black allele
(Aa), which results in a completely black sheep. In addition to these there are
a number of other alleles that interact with each other and cause a wide range
of patterns (e.g. ticking, spotted self colour black) that are expressed either at
birth and disappear later in life or comprise patterns that develop after birth.
The interaction eﬀects and the recessive character of the colour alleles make
it diﬃcult to determine the genotype through the phenotype. The agouti locus
(ASIP) is located on sheep chromosome 13 [31], and except for the extension
locus, other loci aﬀecting colour patterns have yet to be identiﬁed.
3.2. Wool quality genes
From an industry context perhaps the most important gene inﬂuencing ﬁbre
characteristics is the “N-type” gene, which has been re-named the “halo-hair
1” (HH1) gene according to the COGNOSAG nomenclature [17]. This muta-
tion causes extreme hairiness (medullation), resulting in the production of ﬁbre
that is ideal for carpet wool production and was ﬁrst found in the Romney
breed [9]. This allele (now known as (HH1N) has an incomplete dominance
to the wild type. Homozygotes show approximately 65% medullation in the
Romney background. By multiplying this mutation within the Romney back-
ground the Drysdale breed was developed. At the HH1 locus, two further
alleles have been identiﬁed that cause similar types of medullation, and at a
diﬀerent locus, the “HH2”, a recessive mutation (the nr) also causes similar
phenotypes. By utilising these mutations, the Tukidale (HH1T), Carpetmaster
(HH1J) and Elliotdale (HH2) breeds were developed ([30,34]). The fact that
these mutations have pleiotropic eﬀects on several traits, causing the formation
of horns in females, anumber of eﬀects on follicle morphology, and aprofound
eﬀect on ﬁbre characteristics, is of interest in the context of understanding the
mechanisms by which these genes function.
Another well-recognised gene eﬀect is that which causes lustrous, light
yellow wool in Merino sheep [29]. This is a dominant mutation, also
reported in several other studies in Australia and New Zealand [4, 18].S102 I.W. Purvis, I.R. Franklin
Pleiotropic eﬀects associated with this mutation include signiﬁcantly reduced
follicle density and ﬂeece weight.
Recently Finocchiaro et al. [10] have reported segregation of the hairless
(hr, Mendelian recessive) in the Valle del Belice sheep breed in Sicily. A
similar gene in the Poll Dorset breed was reported much earlier by Dolling
and Brooker, [8] and is characterised by a complete or partial absence of
ﬁbre at birth (hypotrichosis). Three mutations of this gene have been identiﬁed
within an exon of the gene, and a PCR-SSCP test developed to detect the allele
responsible for the hypotrichosis phenotype. Finocchiaro et al. [10] also postu-
late that the hr gene product mayplay a role in cell proliferation, diﬀerentiation
and apoptosis in hair follicles as well as in the interfollicular epidermis.
3.3. Keratin genes
Keratin proteins are the major component of wool and are responsible
for most of their structural properties. The keratins can be divided into two
groups; the keratin intermediate (IF) proteins and the keratin-associated (KAP)
proteins. The IF proteins form ﬁlaments that lie within a matrix of the KAP
proteins. There are two families of the IF, type I and type II, and are coded for
by separate gene loci that have been mapped to chromosomes 11 and 3 respec-
tively [14]. Linkage mapping using the AgResearch IMF ﬂock has conﬁrmed
these physical map positions [19].
The KAP proteins have been divided into three major groups on the basis
of their protein sequences; (i) the high glycine-tyrosine group; (ii) the high
sulphur group, and (iii) the ultra-high sulphur group. Separate multi-gene
families have been shown to code for each of these groups [27]. Genetic
diﬀerences at both the IF and KAP protein controlling loci may play an
important role in determining phenotypes for diﬀerent wool quality and
production traits. Because it is now becoming possible to more cost-eﬀectively
clone and sequence wool protein genes the hypotheses suggested above can
now be formally tested. The next section identiﬁes studies that have taken the
ﬁrst steps in this process.
4. PUTATIVE QTL AFFECTING WOOL PRODUCTION
AND PRODUCT QUALITY
The establishment of the animal and human resources to undertake a
mapping study that has the objective of identifying genomic regions (and
ultimately genes) that are associated with phenotypic diﬀerences in ﬁbre andMajor genes inﬂuencing the ﬂeece of wool sheep S103
ﬂeece traits is a major and costly undertaking. Thus, there are only a limited
number of studies that have been, or are being, conducted.
Crawford [7] has characterised the features of nine ﬂocks that have been
set up to map chromosome regions. In Table I, the signiﬁcant associations re-
ported from these ﬂocks to date are listed. It is important to note, that because
of the cost of undertaking genome scans at an acceptable marker density, all
studies have the common goal of optimising the range of phenotypic informa-
tion collected from each animal. Thus, most studies have collected data on a
range of wool and skin traits over several ages. There is a strong tendency in
reports from these studies for only the primary traits of interest or traits that
show signiﬁcant QTL eﬀects to be reported. Given the large number of traits
recorded in these studies it is highly likely that many identiﬁed as showing sig-
niﬁcant QTL will, on further examination, turn out to be false positives [33].
There are several other studies, where suggestive QTL have been identi-
ﬁed. However, for reasons such as low progeny numbers, inappropriate ﬂock
designs for traits under examination, or outdated analytical techniques, further
or re-examination of the data is required before these studies can add substance
to the search for QTLfor wool or skin traits. Putative QTLhave also been iden-
tiﬁed in other studies, but because of conﬁdentiality agreements have not been
publicly reported.
5. STRATEGIES FOR USING GENES OF MAJOR EFFECT
ON WOOL PRODUCTION EFFICIENCY AND PRODUCT
QUALITY
The most important challenge facing the global wool industry is to realign
the production proﬁle to respond to market signals. Over many years these
signals have pointed to an increasing demand for ﬁner wools, with the high-
est premiums being paid only for the ﬁnest lots that have other wool quality
attributes at a premium level. In the Australian wool industry, these demand
signals are being reﬂected in strong selection for reduced ﬁbre diameter in
some Merino ﬂocks that were already ﬁne. However, in others, especially those
targeting the medium and strong wool ﬁbre diameter sector, some degree of
upgrading or strain replacement to reduce ﬁbre diameter is common.
One of the diﬃculties, especially as wools become ﬁner, is the negative cor-
relation between ﬂeece weight and ﬁbre diameter. Although it is possible to
make simultaneous genetic improvement using classical index selection if the
genetic variances and covariances between the components of ﬂeece weight
with ﬁbre diameter are known, progress can be accelerated through optimalS
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Table I. Putative QTL for wool production and quality traits from linkage association studies.
Trait Analysis Breeds Description Marker Ref.
1. Fibre diameter Candidate Peppin Chromosome 1 KRTAP6 and KRTAP8 [24]
gene approach Merino
2. Fibre diameter Genome Merino × Linked, but not named [15]
screen Romney
3. Fibre diameter Segment INRA 401 Chromosome 6 Segment OARAE101 [26]
mapping Chromosome 25 (20 cM) Segment
approach IDVGA8 to midpoint
with IDVGA088
4. Staple strength Candidate Romney Chromosome 11 KRT1.2, B2A and B2C [28]
gene approach
5. Staple length Segment INRA 401 Chromosome 3 Segment BMC1009 – [26]
mapping Chromosome 7 OARVH34 Segment
approach Chromosome 25 ILST005 (20 cM)
Segment IDGVA8 –
IDVGA088
6. Coeﬃcient of variation Within sire INRA 401 Chromosome 4 McM218 [2]
of ﬁbre diameter regression
7. Coeﬃcient of variation Segment INRA 401 Chromosome 7 Segment ILST005 [26]
of ﬁbre diameter mapping Chromosome 25 (20 cM) Segment
approach IDGVA8 – IDVGA088
8. Coeﬃcient of variation Comparison of Finn sheep Not stated Not relevant [5]
of ﬁbre diameter, crimp normal
frequency, staple length distributionsMajor genes inﬂuencing the ﬂeece of wool sheep S105
weighting of selection emphasis. For example, genetic variation associated
with follicle initiation or with the partitioning of ﬁbre growth within the fol-
licle can inﬂuence the components (ﬁbre density (N) and MFD, L and MFD,
respectively), with little change in clean ﬂeece weight. Alternatively, changes
in nutrient intake and supply, which may account for a very signiﬁcant pro-
portion of the response when selecting for ﬂeece weight, will tend to simulta-
neously increase both clean ﬂeece weight and MFD. Separating these various
causes requires estimates of all of the variance components, but the measure-
ment of primary, secondary and secondary derived follicle densities is not
routine and is expensive. Hence, knowledge of the eﬀects and magnitudes of
allelic diﬀerences that inﬂuence these components may provide the appropriate
parameters to signiﬁcantly enhance overall response in ﬂeece value.
The other, and probably more important use of the knowledge of the genetic
control of the components of ﬂeece value is in upgrading programs, where
the primary goal is to incorporate genes for reduced ﬁbre diameter without
compromising the other desirable properties, such as wool weight and body
size. Three offour chromosomal regions that inﬂuence MFDhave already been
identiﬁed (Tab. I). Should these regions be conﬁrmed by further studies, the
techniques need to be developed that make it possible to track these regions in
an upgrading program to ensure that the animals with the desirable alleles in
these regions are preferentially selected.
Finally, as the Australian ﬂock approaches a match with market demand,
ﬁbre diameter per se could become less important, and other attributes, such
as staple strength, or tendency to pill, may well become the major target for
breeding objectives to improve wool quality. At the ultra-ﬁne end of the ﬁ-
bre diameter distribution, where there is an opportunity to develop wools with
new properties, other objectives may become apparent. Here, markers that
identify mutations/alleles that produce these desirable properties will become
important.
The capacity to profoundly change the structural components of the wool
ﬁbre using knowledge of the genes controlling the IF/KAP protein content
and balance has been demonstrated in Merino sheep [3]. The authors reported
experiments that were aimed at modifying the wool ﬁbre cortex to improve in-
trinsic ﬁbre strength. Although the opposite eﬀect was observed, these studies
demonstrated that the alteration of gene expression patterns through the intro-
duction of transgenes produced an altered ﬁbre protein composition. With the
enormous advances currently occurring in molecular technology it could rea-
sonably be expected that the development of transgenic sheep with new and
novel products will be well within our capability within the next decade.S106 I.W. Purvis, I.R. Franklin
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